compared with histology and with association of these findings to patient outcomes.
The primary aim of this study was to describe the distribution and imaging characteristics of cardiac masses identified by CMR and, in cases with histological diagnoses, to determine the diagnostic accuracy of CMR for distinguishing between benign and malignant tumors.
Methods Patient Population and Data Collection
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Requirement for informed consent was waived by the institutional review board for this retrospective study. We performed a retrospective study of patients found to have a cardiac mass on CMR between May 2008 and August 2013 at Brigham and Women's Hospital (Boston, MA). A search was carried out in our CMR database using the term mass and/or tumor to identify all patients with possible cardiac tumors.
The search identified 639 patients with the term mass or tumor in their CMR reports. The reports of all 639 patients were reviewed, and the following patients were then excluded: (1) patients with no cardiac tumor identified on CMR and (2) patients with a mediastinal mass but no evidence of pericardial or myocardial involvement. Ultimately, 145 patients with a cardiac mass were included in the final cohort ( Figure 1) . Each patient's electronic medical records were reviewed to ascertain demographic and clinical data, including the initial presenting signs and symptoms, mode of initial diagnosis, other imaging findings (ie, TTE, computed tomography, positron emission tomography, if available), source of tissue if a histological diagnosis was available, treatment, and clinical status at latest follow-up.
Study data were collected and managed using REDCap (Research Electronic Data Capture), a secure web-based application hosted at Brigham and Women's Hospital designed to support data capture for research studies. 15 The study was approved by the Partners Healthcare institutional review board and was conducted in accordance with institutional guidelines.
CMR Image Acquisition
All patients were studied while in the supine position either in a 1.5-T scanner (Signa CV/i; GE Healthcare) with an 8-or 12-element cardiac phased-array coil or in a 3.0-T system 
Clinical Perspective
What Is New?
• This study represents the largest reported experience evaluating cardiac masses in adults using cardiac magnetic resonance imaging and is the largest to examine the utility of contemporary cardiac magnetic resonance imaging techniques to distinguish benign versus malignant lesions.
• We found that cardiac magnetic resonance imaging has high accuracy for discriminating between benign and malignant lesions, with a high rate of interobserver agreement.
What Are the Clinical Implications?
• Although a comprehensive cardiac magnetic resonance imaging protocol had high accuracy for identifying benign lesions, the ability to correctly diagnosis malignant cases in our study was more limited.
• Pathology remains the gold standard in accurately determining the type of mass.
(Magnetom TIM TRIO; Siemens) with a 16-element phasedarray coil. Intravenous gadolinium chelate was administered in a dose appropriate for the patient's weight (0.1-0.2 mmol/kg). In all cases, a standard cardiac mass protocol was used for the assessment of cardiac masses, including morphological, functional, and tissue characterization (Appendix S1). Cine-CMR was performed for anatomical and functional assessment using a steady-state free-precession sequence. The following sequences were also obtained: pre-and postcontrast T1-weighted (T1W) double inversion recovery fast spin echo imaging with and without fat saturation through the mass, T2-weighted (T2W) dual inversion recovery fast spin echo imaging with fat suppression, and first-pass perfusion imaging (FPP) of the mass. Conventional left ventricular viability imaging using late gadolinium enhancement (LGE) was also performed. In addition, early and LGE imaging through the mass with long T1W imaging (600 ms) was obtained when a thrombus was suspected. Images were obtained in conventional and complementary cardiac planes or planes that best demonstrated each cardiac mass when necessary, and a physician experienced in cardiac imaging was present for the acquisition of all exams.
CMR Data Collection
The following magnetic resonance imaging tumor characteristics were recorded: (1) size, (2) location, (3) presence of pericardial effusion, (4) signal characteristics on pre-and postcontrast T1W and precontrast T2W images, (5) FPP imaging, and (6) delayed enhancement imaging (LGE). Signal intensity on T1W and T2W fast spin echo images were assessed as isointense/hypointense or hyperintense in reference to normal myocardium. The presence of fat was defined when there was increased signal on T1W images that was suppressed on fat-suppression sequences. For each case, the most likely etiology of the mass was recorded based on the actual clinical interpretation, which was based on combining all CMR findings together with all available clinical information. Although no set of guidelines exists for definitive diagnosis of a malignant cardiac mass based on CMR, as previously published in the literature, the characteristics of a malignant cardiac mass used for differentiating a malignant from benign mass included history of extracardiac malignancy, infiltrative appearance, variable intensity on T1W and T2W imaging, and enhancement on LGE and perfusion imaging.
Blinded CMR Interpretation
To determine the accuracy of CMR in differentiating benign from malignant masses, we performed a dedicated blinded reanalysis of all patients who had a direct cardiac histological diagnosis. The CMR images of these 53 patients were reviewed by 2 experienced imagers with level 3 expertise who were blinded to all clinical history, prior test results, and the final histological diagnosis. Each reviewer was also blinded to the interpretation of the other reviewer. Each reviewer categorized his or her interpretation based on a predetermined case report form, which included the following items for assessment: (1) whether the reviewer thought the mass was benign or malignant; (2) if benign, the suspected diagnosis (eg, thrombus); and (3) the level of confidence for each diagnosis, rated using a 4-point Likert scale (1=no confidence, 4=high confidence). The findings of both reviewers were then compared with the final histological diagnosis.
Histological Correlation
In 53 cases where there was a confirmed diagnosis from the cardiac mass sample, to validate the final diagnosis, a cardiac pathologist blinded to the prior pathology report reanalyzed all tissue samples to validate the final diagnosis.
Outcome Assessment
All-cause death was ascertained through the Social Security Death Index and electronic medical records using the Partners Research Patient Data Registry. This centralized clinical data registry contains data from all institutions in the Partners HealthCare system. Death analysis was stratified by (1) histology diagnosis in all patients with direct histology of the cardiac mass (n=53) and (2) a final clinical diagnosis of the mass type as benign or malignant, incorporating all available clinical data including a history of malignancy, extracardiac histology findings (available in 42 patients), CMR, and other image findings.
Statistical Analysis
Continuous data with normal distributions are presented as meanAESD and compared using the Student t test for 2 independent groups and 1-way ANOVA for multiple groups. 
Results

Study Population and Clinical Presentation
Among 8069 patients referred for CMR during the study period, 145 (1.8%) met inclusion criteria and composed the study cohort. The baseline characteristics of the entire study population and the subset of patients with cardiac histology who had a benign (n=25) or malignant (n=28) cardiac mass are summarized in Table 1 . The mean age of patients at the time of CMR was 58AE16 years, and 55% were female. The majority of patients were asymptomatic (n=75, 52%) and had a known cardiac mass before CMR (n=142, 98%). The initial imaging modality that identified the cardiac mass was chest computed tomography (n=60, 41%), TTE (n=60, 41%), whole-body positron emission tomography (n=8, 6%), non-CMR (n=5, 3%), abdominal computed tomography (n=2, 1%), transesophageal echocardiography (n=1, 0.7%), and chest roentgenogram (n=1, 0.7%). In 5 (3%) patients, the initial mode of diagnosis was unknown. For 3 (2%) patients, CMR was the initial mode of diagnosis for the cardiac mass, and in all 3 cases, the mass was benign.
The median time interval from the initial diagnosis of a cardiac mass to the CMR test was 774 days (IQR: 210-2252). Among 145 patients included in the study, 93 (64%) had a history of malignancy, with the most common malignancies being lymphoma (n=15, 10%), lung cancer (n=13, 9%), melanoma (n=10, 7%), and breast cancer (n=7, 5%). Pathological diagnosis was available for 95 (66%) patients, for whom 53 (58%) pathologies were taken directly from the cardiac mass. Of these 53 patients with direct pathological diagnosis, 28 had malignant and 25 had benign masses. Table 2 summarizes the CMR findings for all patients, stratified by benign versus malignant masses for cases with a histological diagnosis. Masses were identified in all cardiac chambers and the pericardium ( Figure 2 ). The most common locations were intracavitary masses (n=56, 39%) with the right atrium being the most common chamber (n=31, 21%), followed by extrapericardial masses with cardiac extension (n=29, 20%). The median diameter of all masses was 3.1 cm (IQR: 1.9-5.2).
CMR Characteristics
Benign Versus Malignant Mass
When examining the 53 patients with a histological diagnosis, benign masses were smaller than malignant masses (3.2 cm [IQR: 1.6-4.6] versus 4.8 cm [IQR: 3.3-6.5], P=0.01). Masses in the left heart were more commonly benign, whereas masses in the right heart and pericardium were more often malignant ( Figure 2 ). Both benign and malignant masses were commonly isointense on T1W imaging, with no significant difference in T1W characteristics between groups (P=0.09). T2W characteristics demonstrated a significant difference between groups (P=0.02), as benign masses were more often hyperintense (n=15/25, 60%) and malignant masses demonstrated both hyperintense (10/28, 36%) or isointense (9/28, 32%) T2W signals. FPP was more frequent in malignant than benign tumors (71% versus 32%, P=0.002), whereas there was no difference between groups in fat signal (P=0.31).
The most likely diagnoses for all cardiac masses are listed in Table 3 , incorporating clinical history, results of prior testing and CMR findings, and histology in the subset of patients with direct biopsies. Among all patients, the most common cause of cardiac mass was metastatic (n=62, 44%), followed by benign primary cardiac masses (n=54, 37%). Histological diagnosis based on cardiac tissue was available for 53 (37%) patients. The most likely diagnosis according to pathology was metastatic disease from a primary noncardiac malignancy (n=26, 49%), followed by a benign primary cardiac mass (n=17, 32%; Table 3 ). Values are n (%) except as noted. P values reflect categorical comparisons for MRI characteristics with multiple subgroups. FPP indicates first-pass perfusion; IQR, interquartile range; LGE, late gadolinium enhancement; MRI, magnetic resonance imaging; T1W, T1-weighted; T2W, T2-weighted. *Out of 53 patients with a known cardiac histological diagnosis.
Echocardiographic Characteristics
Among 145 patients in the study cohort, 124 (86%) had dedicated TTE. Of these, a cardiac mass was identified in 103 (83%) patients. When considering the type of cardiac mass based on TTE, the most common diagnosis based on TTE interpretation was "unknown if benign or malignant" (n=50, 49%), "benign mass" (n=25, 24%), "metastatic mass" (n=18, 17%), thrombus (n=6, 6%) and "malignant mass type unknown" (n=3, 3%). The cardiac mass was not reported in the remaining 21 (17%) patients. A review of the cases that were not visualized on TTE identified that such cases were commonly extracavitary masses involving the pericardium.
Diagnostic Accuracy
Two reviewers blinded to histological diagnosis correctly diagnosed 89% (47/53) and 94% (50/53) of the cases as benign versus malignant, respectively. The readers achieved 95% and 100% agreement rates for benign and malignant masses, respectively (weighted j=0.83). In addition, the reviewers correctly classified all 25 (100%) benign cases. Of the 28 malignant cases, reader 1 correctly diagnosed 22 cases (79%) as malignant, and reader 2 correctly diagnosed 25 cases (89%) as malignant (Table 4) . Collectively, there were 6 cases of an incorrect diagnosis by reader 1 and 3 cases by reader 2 (Table S1) . When reviewing these studies after unblinding the results, these cases all had atypical appearance or signal characteristics or an atypical location of the mass on CMR.
There were 3 cases for which both readers misdiagnosed a malignant mass as benign: Case 1 was a metastatic lymphoma in the posterior right atrium near the junction of the superior vena cava, incorrectly diagnosed as myxoma by reader 1 and thrombus by reader 2 ( Figure S1 ). Case 2 was a spindle cell sarcoma in the left atrium adherent to the anterolateral aspect of the mitral annulus that was thought to be a myxoma by both readers ( Figure S2 ). Case 3 had pathology demonstrating both thrombus and metastatic small cell carcinoma in the right atrium, and both readers categorized the mass as thrombus only ( Figure S3 ). This right atrial mass was moving across the tricuspid valve into the right ventricular cavity during ventricular diastole and extended into the superior vena cava. In 2 of these 3 cases, both LGE and perfusion imaging were negative.
There were 3 additional cases of a misdiagnosis by reader 1 only. In all 3 cases, the CMR signal characteristics or mass location were atypical: Case 1 was a metastatic renal cell cancer to the myocardium with pericardial extension, misdiagnosed as hemangioma ( Figure S4 ). Case 2 was a mediastinal spindle cell sarcoma with extension to the left atrium through the pulmonary veins incorrectly diagnosed as myxoma ( Figure S5 ). Case 3 was a metastatic paraganglioma to the atrioventricular groove, misdiagnosed as an infectious process ( Figure 3, top section) .
Both readers correctly diagnosed all 25 benign masses as benign (100%). However, when asked to define the type of benign mass, neither reader could identify the correct diagnosis in all cases. Reader 1 was able to correctly diagnose the type of the benign mass in 19 cases (19/25, 76%), whereas reader 2 was able to reach a correct identification in 20 cases (20/25, 80%; Table S2 ). As an example, Figure 4 (bottom section) depicts a right ventricular fibroelastoma identified as myxoma by both readers. Figure 5 shows 2 examples of metastatic cardiac masses.
Clinical Course and Patient Outcomes
Among the entire cohort, 50 (34%) patients had no interventions for the cardiac mass, 47 (32%) were treated with radiation and/
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or chemotherapy, and 43 (30%) underwent mass resection. Over a median follow-up of 723 days (IQR: 191-3204), among patients with cardiac pathology and available follow-up (N=53), 18 (72%) patients with a benign mass were alive and 7 (28%) died, whereas 5 (18%) patients with a malignant mass were alive and 23 (82%) died. As shown in Figure 6 , patients with malignant masses had decreased long-term survival compared with patients with benign masses (P<0.001 between groups). Figure 7 demonstrates similar event-free survival among all patients undergoing CMR with available follow-up, stratified by clinical diagnosis. The reduced long-term survival in patients with malignant masses was also seen when adjusted for age and sex (Table 5) .
Discussion
This study represents the largest reported experience evaluating cardiac masses in adults using CMR and is the largest to ( examine the utility of contemporary CMR techniques to distinguish benign from malignant lesions. We found that CMR has high accuracy for discriminating between benign and malignant lesions, with a high rate of interobserver agreement. As expected, patients with malignant tumors had decreased long-term survival compared with patients with benign masses.
Although echocardiography is often the initial imaging modality used for evaluating most cardiac masses, it is common for imagers and clinicians to face uncertainty regarding whether a cardiac mass is benign or malignant. In such cases, our findings support the use of CMR to better characterize tissue and to distinguish between benign and The mass had isointense signal intensity at T1-weighted (T1W) and T2-weighted imaging (B and C) and heterogeneous contrast agent uptake at late gadolinium enhancement (LGE) imaging (D). Pathology (E) showed a sea anemone-like gross appearance, with microscopic features of fibroelastotic papillary cores lined by hyperplastic endothelial cells diagnostic of a papillary fibroelastoma. Hematoxylin and eosin-stained section, 9100 original magnification. Bottom, RV myxoma. Axial cine (F) demonstrates the mass in the right ventricle. The mass had isointense signal intensity at T1W imaging (G) and heterogeneous contrast agent uptake at perfusion (H) and LGE imaging (I). Pathology (J) showed syncytial-like bland-appearing myxoma cells rimming around vessels, in clusters and singly within a myxoid matrix, diagnostic of a cardiac myxoma. Hematoxylin and eosin-stained section, 9200 original magnification. malignant masses. Nevertheless, although certain CMR characteristics such as FPP are more commonly seen in malignant masses, no single feature or combination of findings can be used to determine that a mass is benign. Indeed, among biopsy-confirmed malignant masses in our study, 3 (6%) cases were misclassified as benign by reader 1 and 6 (11%) cases were misclassified by reader 2. Consequently, when there is uncertainty regarding the diagnosis, a pathological assessment of cardiac masses should be considered if feasible.
Regarding the incidence and characteristics of the tumors, our findings are similar to previous studies, 16, 17 as cardiac masses were most commonly metastatic and primary masses were most often benign. Although certain characteristics on CMR such as vascularity and hyperenhancement are often predictive of a pathologic diagnosis, these characteristics do not always accurately distinguish between different types of highly vascular benign masses (eg, hemangiomas or vascular malformations) and malignant masses (eg, malignant angiosarcoma or various malignant neuroendocrine tumors). In one case, an atrioventricular groove malignant paraganglioma was misdiagnosed as a benign tumor by one reader who was blinded to the patient's history of a pheochromocytoma. This was categorized as a benign tumor, as the mass had smooth borders, was not highly vascular, and had minimal contrast enhancement (Figure 3 ). However, paragangliomas are considered to be malignant only when metastasis is demonstrated. 18 Several factors may influence the ability of CMR to distinguish between benign and malignant lesions, including image quality, reader experience, and use of a systematic approach to image acquisition and interpretation that integrates all available clinical history and prior testing. Of these, a consistent approach to the CMR examination of cardiac masses is essential. From a technical perspective, possible magnetic resonance pitfalls are more common when assessing small mobile masses, such as those attached to valves.
Although this study did not evaluate blinded-image analysis in comparison to clinical history-guided image analysis, in other cases a clinical history of malignancy may aid in the diagnosis of a mass as benign or malignant. 19 In our study, one case of a metastatic tumor was surrounded by thrombus and read by both readers as thrombus only when blinded to the patient's history of malignancy. Among 6 patients with malignant masses misdiagnosed by reader 1 as benign, a prior history of malignancy was present in 4. Even in cases where a history of malignancy is distant, prior radiotherapy or chemotherapy could have increased the risk of a secondary malignancy with cardiac metastasis. For instance, survivors of childhood Hodgkin lymphoma with prior chest radiotherapy are at a higher risk of lung or breast cancer, both of which in turn have the potential for cardiac extension. Multimodality imaging provides complementary information in the initial evaluation and surveillance of patients with cardiac masses. However, each imaging modality has inherent limitations, and in some cases direct biopsy may be warranted to reach a correct diagnosis. Although TTE is the most frequently used initial test to evaluate cardiac masses and contrast echocardiography offers improving characterization of tumors, CMR is more useful in patients with suboptimal TTE image quality. 23 Furthermore, CMR can provide better characterization of the lesion, presence of tumor invasion, and tissue signal. Accordingly, 105 (73%) patients in our study had TTE before CMR. In our cohort, the tumor was not reported in 22 (17%) patients who underwent an initial TTE. Of those cases where the tumor was seen, the tumor type was classified as unknown in approximately a third of cases (n=51, 50%). In a subgroup analysis, a blinded expert echocardiographer (M.K.C.) re-read these 22 studies, in which the cardiac mass initially had not been reported. Interestingly, picture quality on the Likert scale was not significantly different between the group for which the mass was visualized and the group for which the mass was initially "unreported." The majority of these unreported cases on echocardiography appeared to involve masses with predominant pericardial involvement. These data emphasize the limitations of echocardiography in identifying and characterizing cardiac tumors, even with good-quality images. Prior studies in adult patients have evaluated characteristics of cardiac masses by CMR with histopathology correlation. Hoffman et al 7 evaluated 55 cases with pathology correlation between 1988 and 2001 utilizing a 0.5-T magnet with less frequent use of gadolinium and no perfusion sequences. In this study, 2 blinded readers were able to correctly diagnose malignancy with an area under the receiver operating characteristic curve between 0.88 and 0.92. Conversely, in a study of 116 patients by Pazos-L opez et al, the ability of CMR to distinguish a benign from malignant tumor was only moderate. 12 In this study, the highest accuracy of CMR features to distinguish a malignant versus benign tumor was 79%. These features included mass diameter ≥4.2 cm (73% accuracy), mass area ≥13.4 cm 2 (69%), FPP (73%), and LGE (79%). In our study, although 2 independent blinded observers achieved a high agreement rate of 95%, no single CMR feature was sufficient to correctly distinguish between benign and malignant tumors in all cases. We found that although CMR provides important clinical information on cardiac masses, malignancy cannot always be definitively excluded, requiring a tissue diagnosis in certain cases.
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Study Limitations
Given the retrospective nature of the study, the imaging protocol was not uniform in all patients, as expected in clinical practice. T1 and T2 mapping sequences were not available for the majority of cases included in our study, but further research is needed regarding whether these techniques may enhance the ability of CMR to distinguish between benign and malignant masses.
Moreover, the timing of the CMR with respect to diagnosis and treatment may have influenced our findings. For instance, undergoing chemotherapy and/or radiotherapy before CMR could have affected the size of a tumor, its vascularity, or the presence of an accompanying pericardial effusion. Given the inherent study design required to define the accuracy of CMR against a gold standard, we examined only cases with tissueproven histopathology. Consequently, cases managed by observation alone were not included and may have influenced the frequency of benign versus malignant masses as well as underestimated the accuracy of CMR for distinguishing between benign and malignant pathology. In addition, because all readers were blinded to clinical history, the true accuracy of magnetic resonance imaging for distinguishing between benign and malignant masses could change accordingly, as knowledge regarding prior metastatic disease and correlation with alternative imaging would significantly affect the pretest probability of having a malignant mass.
Conclusion
In the diagnostic workup of an unknown cardiac mass, it is often challenging to distinguish benign from malignant lesions on the basis of noninvasive imaging alone. Although a comprehensive CMR protocol had a high accuracy for identifying benign lesions, the ability to correctly diagnosis malignant cases in our study was more limited. Although CMR can be highly effective in distinguishing benign from malignant lesions, pathology is often required for determining the type of mass.
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